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Tree level

B Automatic calculation of most phenomenologically relevant
processes via humerical methods, e.g. Madgraph/Helas —
MadEvent, ALPGEN, CompHEP, Sherpa.

M Easy to interface with a parton shower such as Pythia or Herwig

B Unfortunately, the overall normalization of the cross section can
be very uncertain, e.g. W + 4 jets is proportional to O(a?);
running o so that it changes by 10% leads to a 40% uncertainty
In the cross section

B Sometimes the tree level diagrams don’t capture enough of the
essential physics, e.g. the structure of jets, new partonic
processes entering at higher orders

B New analytic results for tree level diagrams (‘twistor-inspired’,
recursion relations) may yield deeper insight into the structure of
QCD. So far, simplified results haven’t been used to improve our
existing tools.
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Next-to-leading order

M [ess sensitivity to renormalization and factorization scales, so
cross sections become more predictive

M Better assessment of backgrounds for new physics searches

B Confidence that cross sections are under control for precision
measurements

B More physics begins to be included

B Unfortunately, the interface with a parton shower is much more
difficult. Recent progress (MC@NLO) is limited to a handful of
processes. More calculations are continually being added on a
case-by-case basis.

B NLO predictions are available in far fewer cases than LO ones,
e.g. no NLO QCD calculation of a 2 — 4 process.

B New analytic results for loop diagrams (via cutting rules and
recursion) appear to be on the horizon, but so far have mostly
been limited to theories with extra symmetry.
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General purpose NLO

M As a result of the complicated calculations required, there has
been a proliferation of codes that compute NLO corrections.

B Some of the results in the literature cannot be reproduced by an
Interested physicist who wants to obtain predictions for a new set
of experimental conditions.

M It would be useful to have a general purpose tool that streamlines
the calculation of NLO corrections for today’s colliders
—— hadron colliders (the Tevatron and the LHC, soon)

* bring together accurate calculations of both signal and major
background processes;

* provide a freely available tool that can be used by
experimenters to compare with data. Calculations based on
new values of physical parameters and selection cuts are
easily performed,;

* take advantage of modern techniques so that theoretical
results can be recycled and new calculations are easy to add.
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Single boson  Diboson Triboson Heavy flavour
W+ <25 WW + 05 WWW + < 3 tt + 07
W+bb+0j WW+0b+<3] WWW4+0+<3j + +<2j
W+ecc+03 WWrece+<33 WWW+ 1 +<3) +W 4+ <2
Z7Z +0j Zyy+ <3y +Z24+<2
ZZ 4+bb+ <33 WZZ 4+ < 3j tt+ H + 05

ZZ+cc+<3] ZZZ+ <3j tb + 05
bb + 05




Overview of MCFM




M Downloadable general purpose NLO code, “MCFM” JC and R.K. Ellis
(+F. Tramontano, +F. Maltoni, S. Willenbrock)

pp— W+ W-
pp— L+ 7
pp— W*/Z + H
*(— bb) pp — Zbb
pp — W*/Z + 1 jet pp — W*/Z 4 2 jets
pp(gg9) — H pp(gg) — H + 1 jet

pp(VV) — H + 2 jets pp—t+q
pp — H + b pp — 4 +b
pp — W +t

M NLO knowledge can be used in various ways.

* production of pairs of W’s and Z’s: the structure of the weak
Interaction at high energy

r/




Comparison with other approaches

M There are generic routines for handling common tasks, so that
implementing new processes is “painless”

B Emphasis has been on bringing together calculations of signals
and backgrounds for particularly challenging searches, so that
NLO effects may be more easily studied with just one code

B Where possible, appropriate decays of vector bosons are included
and all possible spin correlations are retained for a better
assessment of the effect of experimental cuts

& low particle multiplicity (no showering)

no hadronization

hard to model detector effects
less sensitivity to u

rates are better normalized
fully differential distributions
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MCFM basics

B Written in Fortran 77, available at http://ncfm fnal . gov .

B Operation of the program is mostly controlled by two files:
ndat a. f and i nput . DAT.

M The file ndat a. f contains information on particle masses and
couplings, for example:

data ewscheme / -1 / I Chooses EW scheme

data GF_i1np / 1.16639d-5 / ' G F

data aemmz_inp / 7.7585538055706d-03 / I alpha EM(m_Z)=1/128.89
data xw_1np / 0.2312d0 / I sin"2(theta W)

data wmass_inp / 80.419d0 / I W mass

data zmass 1np / 91.188d0 / 1 Z mass

B Most options for running the program are specified in i nput . DAT,
with reference to the accompanying file pr ocess. DAT.

B The simplest output from the program is in the form of histograms
(a standard set, but may be customized — npl otter. f).
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[file version number]
f(p1)+£(p2) -—> W +(-->nu(p3)+e~+(p4))’
f(p1)+£(p2) -—> W -(-->e"-(p3)+nu~(p4))’
’nul’
f(p1)+£(p2) -—> W +(-—>nu(p3)+e”+(p4))+f (p5)’
f(p1)+£(p2) ——> W +(-->nu(p3)+e”+(p4))+gamma (p5)’
f(p1)+£(p2) ——> W +(-->nu(p3)+e”+(p4))+c~ (p5)’
£ (p1)+£(p2) -—> W +(——>nu(p3)+e”+(p4))+c~ (p5) [massless]’
f(p1)+£(p2) ——> W -(-->e"-(p3)+nu~(p4))+f (p5)’
f(p1)+£(p2) -—> W -(-->e"-(p3)+nu~ (p4))+gamma (p5) ’
f(p1)+£(p2) -—> W -(-->e"-(p3)+nu~ (p4))+c(p5)’
f(p1)+£(p2) -—> W -(-—>e"-(p3)+nu” (p4))+c(p5) [massless]’
’nul’
f(p1)+£f(p2) --> W +(-->nu(p3)+e”+(p4)) +b(p5)+b~ (p6) [massive]’
f(p1)+£(p2) ——> W +(-->nu(p3)+e~+(p4)) +b(p5)+b~ (p6)’
f(p1)+£(p2) —-—> W +(-->nu(p3)+e~+(p4)) +f(p5)+f(p6)’
f(p1)+£(p2) -—> W +(-->nu(p3)+e”+(p4)) +f (p5)+f (p6)+f (p7)°
£(p1)+£(p2) -—> W +(-->nu(p3)+e~+(p4)) +b(p5)+b~ (p6)+f (p7)’
f(p1)+£(p2) -—> W =(-—>e"-(p3)+nu~(p4)) +b(p5)+b~(p6) [massive]’
f(p1)+£(p2) --> W -(-->e"-(p3)+nu” (p4)) +b(p5)+b~ (p6)’
f(p1)+£(p2) ——> W -(-->e"-(p3)+nu~(p4)) +f(p5)+f (p6)’
f(p1)+£(p2) ——> W -(-->e"-(p3)+nu~(p4)) +f(p5)+f (p6)+f (p7)’
f(p1)+£(p2) -—> W -(-->e"-(p3)+nu” (p4)) +b(p5)+b~ (p6)+f (p7)’
’nul’
f(p1)+f(p2) —-—> Z~0(-—>e"-(p3)+e~+(p4))°’
£f(pl)+£(p2) -—> Z~0(-->3*(nu(p3)+nu~(p4)))’
f(p1)+£(p2) —-—> Z°0(-->b(p3)+b~(p4))’
’nul’
f(pl)+£(p2) ——> Z2°0(-->e"-(p3)+e~+(p4))+f(p5)’
f(p1)+£(p2) --> Z_0(-->3*(nu(p3)+nu~(p4)))-[sum over 3 nul+f(p5)’
£(p1)+£(p2) ——> Z~0(-->b(p3)+b~ (p4))+f (p5)’
’nul’
f(p1)+£(p2) ——> Z~0(-->e"-(p3)+e +(p4))+f (p5)+f (p6)’
£f(p1)+£(p2) ——> Z°0(-->e"-(p3)+e"+(p4d))+f (p5)+f (p6)+£ (p7)’
’nul’
f(p1)+£(p2) ——> Z°0(-->e"-(p3)+e"+(p4))+gamma (p5)’
f(p1)+£(p2) -—> Z~0(-->3*(nu(p3)+nu~ (p4)))-[sum over 3 nu]+gamma(p5)’
’nul’
f£(p1)+£(p2) --> Z°0(-—>e"-(p3)+e~+(p4))+b~ (p5)+b(p6) [massive]’

M Each line corresponds to a process
that can be calculated, mostly at
next-to-leading order.

B f(p;) means a generic parton/jet

B The processes include the decays of
the W, Z and top quark, including
spin correlations. Cuts can be
applied to all particles.

M The particles are numbered by p;,
which is used in the output of the pro-
gram to label the histograms




24.2° [file version number]

[Flags to specify the mode in which MCFM is run] . SpeCIfy the proceSS tO StUdy Wlth the

.false. [evtgen] 0
.false. [creatent] Integer npr OC .
.false. [skipnt]

.false. [dswhisto]

o o W Set the order of the calculation:
: SR lowest order (I or d), next-to-leading

‘tota’ [part ’lord’,’real’ or ’virt’,’tota’]

Crunstring ] order real diagrams (r eal ), virtual

1400040 [sqrts in GeV]

+1 [ih1 =1 for proton and -1 for antiproton] 1 1

+1 [ih2 =1 for proton and -1 for antiproton] dlagrams (VI r t ) Or the tOtaI NLO
12040 [hmass]

80d0 [scale:QCD scale choice] reSUIt (t Ot a).
80d0 [facscale:QCD fac_scale choice]
.false. [dynamicscale]

- B Choose the collider energy (sqrt s)

.false. [removebr] . . . .

10 [itmx1, number of iterations for pre-conditioning] d b p ( h h )
Lieaxi, and beam composition (I hl, 1 h2).
10 [itmx2, number of iterations for final run]

[aca112] M Enter the values of the

1089 [1j]

(aryrun] renormalization and factorization

.false. [Qflag]

(of1eg] scales (scal e and f acscal e).
[Pdf selection]

ctegom’  [pdlabel] B For some processes, choosing scales

4 [NGROUP, see PDFLIB]
46 [NSET - see PDFLIB]




| nput . DAT : Integration parameters

’4.2°

[file version number]

[Flags to specify the mode in which MCFM is run]

.false.
.false.
.false.
.false.

[General options
1
’tota’
’demo’
1400040
+1

+1
120d0
80d0
80d0
.false.
.false.
.false.
10
50000
10
50000
1089
.false.
.false.
.true.

[Pdf selection]
’cteq6.m’

4

46
cteq61.LHgrid
=il

[evtgen]
[creatent]
[skipnt]
[dswhisto]

to specify the process and execution]
[nproc]

[part ’lord’,’real’ or ’virt’,’tota’]
[’runstring’]

[sqrts in GeV]

[ih1 =1 for proton and -1 for antiproton]
[ih2 =1 for proton and -1 for antiproton]
[hmass]

[scale:QCD scale choice]

[facscale:QCD fac_scale choice]
[dynamicscale]

[zerowidth]

[removebr]

[itmx1, number of iterations for pre-conditioning]
[ncalli]

[itmx2, number of iterations for final run]
[ncall2]

[ij]

[dryrun]

[Qflag]

[Gflag]

[pdlabell

[NGROUP, see PDFLIB]
[NSET - see PDFLIB]
[LHAPDF group]
[LHAPDF set]

B Choose the description of

resonances in the calculation
(zer ow dt h): masses generated

exactly at the peak (t r ue) or off-shell
(f al se). Important for Z/~*.

B Choose the number of integration
sweeps (i t nx1) and points (ncal | 1)
used in the warm-up stage of the

calculation. ncal | 1 should be
Increased when studying processes

Involving more particles.

Hitnm2 andncal | 2 are the values
used when calculating all results.

M To produce distinct runs
otherwise-identical inputs,
the random number seed i j .

with
modify
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[file version number]

[Flags to specify the mode in which MCFM is run]

.false.
.false.
.false.
.false.

[evtgen]
[creatent]
[skipnt]
[dswhisto]

[General options to specify the process and execution]

1
’tota’
’demo’
1400040
+1

+1
12040
80d0
80d0
.false.
.false.
.false.
10
50000
10
50000
1089
.false.
.false.
.true.

[Pdf selection]
’cteq6.m’

4
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[nproc]

[part ’lord’,’real’ or ’virt’,’tota’]
[’runstring’]

[sqrts in GeV]

[ihl =1 for proton and -1 for antiproton]
[ih2 =1 for proton and -1 for antiproton]
[hmass]

[scale:QCD scale choicel

[facscale:QCD fac_scale choice]
[dynamicscalel

[zerowidth]

[removebr]

[itmx1, number of iterations for pre-conditioning]

[ncalli]

[itmx2, number of iterations for final run]

[ncall2]
[ij]
[dryrun]
[Qflag]
[Gflag]

[pdlabel]
[NGROUP, see PDFLIB]
[NSET - see PDFLIB]

M The PDF set can be specified in one
of 3 ways, depending on how the
program is compiled

M The built-in implementations of
popular MRS and CTEQ sets can be
accessed via pdl abel .

M Access to PDFLIB is via the variables
NGROUP and NSET.

M LHAPDF (successor to PDFLIB, see
http://hepforge.cedar.ac.uk/Inapdf/) is
the final option. Using this, the pro-
gram can be used to evaluate PDF un-
certainties (LHAPDF set =- 1).




PDF demonstration

s ; B Sample output from a PDF uncertainty run.

=T The program has used the CTEQ6 uncertainty
e sets (1 central + 40 others) and calculates W T
mEmen production at NLO at the LHC.

—mest o M Rather than running the program 41 separate
e times, the cross section is evaluated for all
Ciesm PDF uncertainty sets at once. This is typically
e about 3—4 times slower than a normal run.
—iszi o M The cross section is reported for each PDF
i set, then summarized at the end. The

Tl uncertainties are calculated according to the

- oo method laid out in hep- ph/ 0101032.

--—> 11745558.021 fb
---> 11803672.011 fb

> s M In this case the uncertainty in the cross section
e due to the PDF is about 5%. This is a fairly

Central value 11863519.187 fb

Maximun value 12215308.143 fb z typical reSUIt-

*  Err estimate +/- 570618.935 fb
+ve direction 587609.633 fb
-ve direction 720774.743 fb
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W /Z+)ets cross-sections




W The W/Z + 2 jet NLO calculation is the most complicated
(time-consuming) process currently implemented. This is due to
both the lengthy virtual matrix elements (vector boson + 4
partons) and the complicated structure of phase space.

M The usual features such as reduced scale dependence are
observed, e.g. the theoretical prediction for the number of events
containing 2 jets divided by the number with only 1 is improved.

3 ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T T T . ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
- (W+2 jets)/(W+1 jet) ratio i (Z+2 jets)/(Z+1 jet) ratio

a(W+2)/a(W+1)
a(Z+R2)/a(Z+1)
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DG Run Il Preliminary
ZIy' (> e*e’) +=n jets, 343 pb™
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¢ MCFM (CTEQ6M)
------- ME-PS (CTEQG6L)
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M In lowest order bottom quark pairs are produced in association
with W’s by gluon splitting alone:

M Beyond LO, the b-quark is treated as a massless particle in MCFM
* a finite cross-section requires a cut on the b-quark pr
* this means that this calculation is not suitable for estimating




M Events containing jets that are heavy-quark tagged are important
for understanding both old and new physics:

* Top decayst — W +b

W+

* Much new physics couples preferentially to massive quarks,
for instance a light Higgs with my < 140 GeV decaying to bb




[ pp->WHij+X i} pp->Wibb+X
‘Lo

1 1
0 50 100
w (GeV)

T
PR pp-WTiHX

wu (GeV)

B The large gluonic contribution appearing in Wbb for the first time
at NLO results in a huge correction and poor scale dependence.

Diagrams by MadGraph




Single-tagged heavy flavour




M Often the presence of two b-quarks in the final state is actually
only inferred from a single b-tag

M In this case, there is another way of computing the theoretical
cross-section. For instance, in the case of Z-+ heavy flavour:

b 7z b Z

o

4§ 0000 ——— b g \b

B Requires knowledge of b-quark pdf’s, but compare to:

b (collinear to the beam, unobserved)

QMZ




JC, K. Ellis, F. Maltoni and S. Willenbrock, hep-ph/0312024

gb — Zb

Mt > 15 GeV, [fet] < 2
M5 (Z + onebtag) = 20 pb

M Fakes from Z+ jet events
are significant

M Prediction for ratio of
Z + btountagged Z + jet is

0.02 £ 0.004
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D@ Run Il Preliminary

o Data
—Bkgd+MC
OBkgd

150 200
E; (GeV)

Ratio of cross-sections:

o(Z+b)
7(Z+1) — 0,024 = 0.007

compatible with the NLO
prediction from MCFM

More data and detailed
analysis is on the way

(CDF too) .




[ HC expectations

Mk > 15 GeV, it < 2.5
B s(Z+ onebtag) =1nb

M Fakes from Z+ jet events
are much less significant
and ¢g contribution
IS tiny

B This should allow a
fairly clean measurement

of heavy quark PDF’s
(currently, only derived
perturbatively)

Z + 1 jet (fake)




single-top ¢b — qWb

single-top gb — tW

(charged) Higgs+b




M Various supersymmetric extensions to the Standard Model utilize
more than one Higgs doublet. In these models, the Yukawa
coupling of some of the Higgs bosons to bottom quarks can be
enhanced by the ratio of vacuum expectation values, tan (.

p =-200 GeV, M, =200 GeV, m;=0.8 M,
Mgsy=1TeV, X, = \/G_MSUSY (m, ™), X, =0 (no-mixing)

M Allowed values of tan 3 depend on
the exact details of the proposed
model. However, it has been

constrained both at LEP and the 5 COFRunll 310pb" | ]

. MSSM Higgs—tt Search| 1
Tevatron and its value can be large. prliminary |

H_—.EPZ no mixing

M Discover such a Higgs at the LHC I T T
via its production in association with :

a single high p bottom quark.

M Test experimental procedure and




Single top production and decay




producing it in pairs:

q t

M However, it should also be possible to produce it singly in Run II,
for example:

b







M Results had previously been presented without including the
decay of the top quark. Without it, predictions for some guantities
used in Tevatron search strategies are impossible

M Final state radiation that enters at next-to-leading order is possible
In either the production or decay phase:

production







Vs=1.96TeV, MRST2002 : = Vs=1.96TeV, MRST2002

signal+background - signal+background —
--------- background — B i
-—————— signal b

do/dn [fb]

do/dH; [fb/Gev]

07\ |

M H; = scalar sum of jet, lepton and missing Er

M ()n is the product of the lepton charge and the rapidity of the
untagged jet, useful for picking out the ¢-channel process

M Signal:Background (with our nominal efficiencies) is about 1 : 6
— a very challenging measurement indeed. Production in this
mode has not yet been observed at Fermilab.




The approach in MCFM involves a number of approximations:

M The b-quark is massless
LO calculation with m;, = 4.75 GeV — < 1% effect

M The top quark is put on its mass-shell
LO calculation with a Breit-Wigner — 1% effect

M \We neglect interference between radiation in production/decay

qualitative argument for O(aI's/m;:) ~ less than a percent

M \We assume pr-independent heavy flavour tagging efficiencies, as
well as stable b and ¢ quarks
easily addressed by a more detailed experimental analysis
with the publicly-available code

B No showering or hadronization is performed
no NLO/PS prediction yet available; however the large cone




Associated Wt production




M Most details of the calculation
proceed as normal.

B NLO real radiation corrections
contain the process gg — Wtb.

This final state Is also obtained
by producing two top quarks on

shell.

M Including this contribution
doesn’t give a meaningful result.

B Previous attempts to remove it
Involve either subtracting the
resonant contribution or applying
an invariant mass cut.




M The contribution from the troublesome diagrams when the b quark
pr IS small is already accounted for by the b-quark PDF.

B When the b quark pr is large, the event should be best described
by resonant ¢t production anyway.

M Therefore, define the Wt process by demanding that no b quark
be observed above a given value of p = uy . Factorization and
renormalization scales should also be chosen equal to uy, .

B As a result, the NLO M ]
prediction depends on .

the value chosen for py, .

50 GeV

32F

30F

B Once accounted forin g
this way, the corrections o

are mild.

28F




M 155 < mpy < 180 GeV, so W'’s decay to leptons. Signal is two
leptons and missing Er

B Main background is from continuum W pair production, via qq
scattering and loop-induced gluon-gluon fusion

M Further backgrounds from events containing leptonically-decaying
top quarks where the jets are not observed

B Enhance signal using strong cuts. The opening angle between

the leptons in the transverse plane is a good discriminator.

0-8 C T | T T T T | T T T T | ] 0-8 C T T T | T T T T | T T T T
- tt -

- 1 - -
r— -

- | ~ -

0.6 _ = 0.6

NLO (decay)
0.4 F

0.4 F —

0.2 F 0.2 F

g dg/dAg,, [Fbl
g dg/dAg,, [Fbl




Where now for NLO?




A new approach

M Current calculations are performed on a case-by-case basis and
take many man-years.

B The real radiation corrections are essentially tree level evaluations
together with well-understood rules for removing singular regions.

M The bottleneck is the calculation of the loop diagrams.

M In recent years a number of attempts have been made to perform
these calculations numerically. These are complicated by the
Infrared and ultraviolet divergences that appear.

M By the time the LHC is taking data, can we expect the evolution of
automated computer programs for the evaluation of NLO
corrections, e.g. MadEvent — MadLoop?
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M Use a numerical implementation of recursion relations to reduce
all integrals into a set of basis integrals that are known analytically

M The concept has been demonstrated by performing the
calculation of the virtual contributions to H + 2 jet production.
Three different partonic matrix elements:

* H — 4 quarks (analytic, numerical)
* H — 2 quarks, 2 gluons (numerical only)
* H — 4 gluons (numerical only)

M The calculation of the 4 quark contribution agrees to machine
precision between the analytic and numerical evaluation

1 T T T T T T 1 T T T T T T 1

o F - o F - oo
T4 | - =44 | - Ted |
1eLE | E 1208 | E 1=L€ |

a2 1 Eiei2 1 HEiei2 | .
1810 | ; 18-10 | : 1840 | ;
%12 | - 1812 "'_‘W\"V"ﬂ\ ] 112 | 4
Te-14 W 1 1e-14 | 1 o4 | 1

L

Te-1E

1=-18 1=-1E

4 % W 25 W 5 0 5 4 % W 25 W 5 0 5 0 3% W 2 B 5 0 5
Ln{dat(S)i Lnidet{S;)) Lnidst{5))




B Can use the WBF H + 2 jet process to measure the coupling of
the Higgs to W’'s and Z’s. The NLO corrections to WBF are small

(b)
(©)

and well-understood.
(@

M The numerical virtual evaluation is the final piece necessary for
assembling the full calculation of the QCD H + 2 jet corrections.




Summary

B Events seen Iin collider physics experiments at Fermilab and
CERN can (and will) be described very well with the theory of
perturbative QCD.

B However, making an accurate assessment of particle rates and
extracting detailed information from the data requires calculations
that go beyond the simplest approximation.

B Next-to-leading order calculations are the first step towards
precision. However, their difficulty means that there are many
Interesting analyses which are still not possible at this accuracy.

M This is highlighted at the LHC where, on average, many more
particles are produced per collision.

M |n parallel with the huge undertakings to further expand the
“energy frontier”, theorists need to provide ever more generic and
accurate predictions to keep pace.

B New avenues of research and better tools are inevitable.
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